Background Loop diuretics are frequently prescribed to patients with heart failure and reduced ejection fraction (HFrEF) for the treatment of congestion; however, they might hamper uptitration of inhibitors of the renin-angiotensin system. Methods Loop diuretic dose at baseline was recorded in 2338 patients with HFrEF enrolled in BIOSTAT-CHF, an international study of HF patients on loop diuretic therapy who were eligible for uptitration of angiotensin-converting enzyme inhibitors (ACEi)/mineralocorticoid receptor antagonists (MRA). The association between loop diuretic dose and uptitration of ACEi/MRA to percentage of target dose was adjusted for a previously published model for likelihood of uptitration and a propensity score. Results Baseline median loop diuretic dose was 40 [40-100] mg of furosemide or equivalent. Higher doses of loop diuretics were associated with higher NYHA class and higher levels of NT-proBNP, more severe signs and symptoms of congestion, more frequent MRA use, and lower doses of ACEi reached at 3 and 9 months (all P < 0.01). After propensity adjustment, higher doses of loop diuretics remained significantly associated with poorer uptitration of ACEi (Beta per log doubling of Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s0039 2-020-01598 -w) contains supplementary material, which is available to authorized users.
Introduction
In patients with heart failure, administration of loop diuretics is the cornerstone of the treatment of signs and symptoms of congestion. While loop diuretics are almost ubiquitously used in hospitalized heart failure, data from registries and randomized-controlled trials show that approximately 75-92% of patients with stable heart failure also use loop diuretics chronically [1] [2] [3] [4] . Heart failure guidelines recommend to use loop diuretics to reduce the signs and symptoms of congestion, and to use the lowest achievable dose to reach and maintain euvolemia [5] . If patients are asymptomatic, the use of a loop diuretic could be discontinued as loop diuretic downtitration or even withdrawal might be feasible in up to 60% of (selected) stable heart failure patients [6] [7] [8] . Such downtitration of loop diuretics might be important as overzealous use of diuretics can result in worsening of renal function, contraction of plasma volume, and lower blood pressures [4, 6] . Additionally, consequent hypovolaemia and hyponatraemia cause increased renin release through its effects on the macula densa and baroreceptors. These detrimental effects of inappropriate use of loop diuretics could also hamper the optimal uptitration of guideline recommended doses of angiotensin-converting enzyme inhibitors (ACEi)/angiotensin receptor blockers (ARB), and mineralocorticoid receptor antagonists (MRA). Observational data illustrate that only a minority of patients are able to attain these target doses of neurohormonal blockers [9, 10] . Therefore, reasons for not uptitrating renin-angiotensinaldosterone system (RAAS) blockers to the recommended doses should be further explored. We hypothesize that higher doses of loop diuretics might hamper the uptitration of RAAS blockers. We, therefore, aimed to assess the effect of loop diuretic dosage on the ability to uptitrate patients to guideline recommended doses of ACEi/ARB and MRA, as well as to assess the association of loop diuretic dosage with outcome.
Methods

Study population
The study design of 'A systems BIOlogy Study to Tailored Treatment in Chronic Heart Failure' (BIOSTAT-CHF) has been described previously [11] . In brief, BIOSTAT-CHF was a multicentre, multinational, prospective observational study, in which 2516 patients with new-set or worsening signs and/or symptoms of heart failure from 11 European countries, who were on suboptimal guideline recommended treatment (i.e., ≤ 50% of target doses of ACEi/ ARBs and beta-blockers), were enrolled. Physicians could enrol patients if they anticipated uptitration or initiation of ACEi/ARB and beta-blockers. Additionally, all patients in BIOSTAT-CHF had to be on a loop diuretic dose equal or more than 40 mg furosemide equivalents at inclusion (40 mg furosemide equals 20 mg torsemide or 1 mg bumetanide). Investigators were encouraged to optimize treatment of heart failure with ACEi/ARB and beta-blockers during the first 3 months of the study, according to the doses indicated in the European Society of Cardiology Guidelines [12] . Patients with HFpEF (162 (6.4%) patients) defined as an ejection fraction > 45% were excluded from the current analyses, as uptitration of guideline directed medical therapy is not always required in these patients.
All patients provided written informed consent to participate in the study and BIOSTAT-CHF was conducted in concordance with the Declaration of Helsinki. The study was approved by national and local ethics committees.
Study assessments
Both inpatients and outpatients were enrolled, and had a visit at baseline and after 9 months of follow-up. During the first 3 months, the treating physician was encouraged to uptitrated evidence-based therapies to the target doses presented in the 2008 and 2012 ESC heart failure guidelines [12, 13] . The subsequent 6 months were considered as a maintenance phase. Doses of evidence-based therapies were recorded at baseline, 3 months (only for ACEi/ARB and beta-blockers), and 9 months. Target doses of MRAs were based on the doses recommended in the heart failure guidelines, where for both spironolactone and eplerenone, a dose of 50 mg daily is considered target dose [5] . The dose of loop diuretics at baseline was available in 2338 of the 2354 patients (99%) with HFrEF enrolled in BIOSTAT-CHF. Diuretics were calculated into furosemide equivalents (40 mg furosemide = 20 mg torsemide = 1 mg bumetanide). Downtitration of loop diuretics was defined as a decrease in loop diuretic dose from baseline to 9 months.
A previously defined congestion score was calculated as the sum of orthopnoea (0-1), JVP (0-1), and oedema depending on the severity (0-0.33-0.67-1), resulting in a maximum score of 3 points [14, 15] . The clinical congestion score at 9 months was available in 1167 (49.9%) patients. Sensitivity analyses were performed with a clinical congestion score where oedema was scored 0-3 points, yielding a maximum score of 5 points.
Routine laboratory and other biomarker assessments were performed at baseline and 9 months, using previously described assays [16, 17] . Worsening renal function was defined as an increase in creatinine of > 0.3 mg/dL from baseline to 9 months.
The endpoints selected for these analyses were all-cause mortality and the combined endpoint of all-cause mortality or first occurrence of heart failure (HF) hospitalization. HF hospitalization was defined as hospitalization lasting longer than 1 day for which the primary reason was worsening of signs or symptoms of HF, requiring intravenous medications or an increased dose of oral diuretics.
Statistical analyses
Baseline clinical variables and biomarkers were evaluated over quartiles of loop diuretic dosage. Frequency (percentage) was used to summarize categorical variables while normally distributed continuous variables were summarized with mean ± standard deviations (SD) and non-normally distributed continuous variables with median [interquartile range]. Trends over quartiles of loop diuretic dosage were statistically tested with Cochran-Armitage trend test, Jonckheere-Terpstra, or a linear regression model for categorical variables, non-normally distributed continuous variables, and normally distributed continuous variables, respectively. Univariable and multivariable linear regression analysis was performed with log-transformed loop diuretic dosage as a dependent variable. Transformations were checked using multifractional polynomials. Multivariable linear regression analyses, including all variables with P < 0.10 in univariable analysis, were constructed via backward elimination and validated using bootstrap re-sampling with 1000 replicates. The model was tested for collinearity and checked by plotting residuals. Logistic regression was used to investigate the association between loop diuretic downtitration and clinical variables as well as study the association between logtransformed loop diuretic dosage and ACEi/ARB, or MRA use, and whether target dose was reached. The association between log-transformed loop diuretic dosage and percentage of target dose was studied using linear regression. A propensity score was determined using multivariable linear regression with loop diuretic dosage as the dependent variable, using the above described selection and backward elimination. This propensity score reflects the characteristics associated with the prescription of higher doses of loop diuretics. The propensity score included age, hepatomegaly, diastolic blood pressure, previous heart failure hospitalization, history of atrial fibrillation, history of COPD, urea, estimated glomerular filtration rate (eGFR), potassium, N-terminal pro blood natriuretic peptide (NT-proBNP), and plasma renin (Supplementary Table 1 ). Propensity score adjustment was used to reduce the effect of treatment selection bias in prescribing higher doses of loop diuretic dosage. The association between loop diuretic dose and uptitration of ACEi/ARB and MRAs, was adjusted for three multivariable models. First, we adjusted for age and sex. Second, we performed a multivariable adjustment for a previously published model predicting lower doses of these medications in this cohort [18] . This model included sex, country of inclusion, BMI, and eGFR. Finally, adjustment for a biological plausible model was performed, including age, sex, eGFR, NT-proBNP, and ACEi/ARB use at baseline. Cox proportional hazard regression analysis was performed to examine associations with clinical outcomes. Log-transformed loop diuretic dosage was investigated per doubling. Multivariable models were adjusted for an outcome model specifically developed and validated in the BIOSTAT index and validation cohort [19] . A two-tailed P value < 0.05 was considered statistically significant. All analyses were performed using R: A Language and Environment for Statistical Computing, version 3.3.1 (R Foundation for Statistical Computing, Vienna, Austria).
Results
Median daily loop diuretic dose at baseline was 40 [40-100] mg of furosemide or equivalent. Baseline characteristics over quartiles of loop diuretic dose are presented in Table 1 . Patients with higher loop diuretic doses were more frequently hospitalized, had a higher Body Mass Index (BMI), New York Heart Association (NYHA) functional class, as well as more signs and symptoms of congestion, lower blood pressure, and lower left-ventricular ejection fraction. Additionally, higher doses of loop diuretics were associated with poorer renal function, lower albumin, sodium, aldosterone to renin ratio, and higher NT-proBNP levels (all P < 0.001).
At 9 months, median loop diuretic dose was 40 [40-80] mg of furosemide or equivalent, with a median decline of 0 [− 40-0] mg. A total of 745 patients (37.2%) had a decrease, and 18.6% (373 patients had an increase in diuretic dose at 9 months. A significant number of patients displayed signs of congestion at 9 months: 18.1% of patients in the highest quartile of loop diuretic dosage had oedema above the knee, 12.3% had an elevated JVP, and 12.2% had orthopnoea (all P < 0.02, Supplementary  Table 2 ).
Overall, patients with an increase in diuretic dose over 9 months were comparable to patients with a decrease in diuretic dose ( Supplementary Table 3 ), with no notable differences in baseline clinical presentation, laboratory values, or guideline recommended therapy over time. Predictors of loop diuretic downtitration were higher baseline loop diuretic dose, orthopnoea, lower plasma aldosterone levels, higher urea and eGFR at baseline, and no history of a cardiomyopathy, myocardial infarction, or diabetes mellitus ( Table 2 ). Uptitration of ACEi/ARB or MRA was not independently associated with a decrease in loop diuretic dose at 9 months.
Loop diuretic dosage and ACEi/ARB and MRA uptitration
At baseline, there were no differences in dosage of ACEi/ ARB; yet, after 3 months of encouraged uptitration and an additional 6 month maintenance phase, patients with higher doses of loop diuretics at baseline were less likely to use ACEi/ARB, and used lower doses both at 3 and 9 months (Tables 3, and 4 ). In patients with higher doses of loop diuretics, symptoms, side-effects, and non-cardiac organ dysfunction were more frequently noted as the reasons for not achieving target dose of ACEi/ARB (Table 3) . After multivariable adjustment for the biological plausible model, as well as after multivariable adjustment for the previously published model for likelihood of uptitration, the association between higher loop diuretic dose and less use/dose of ACEI/ARB remained statistically significant (Table 4 ). Additionally, higher doses of loop diuretics at baseline were significantly associated with smaller increases in percentage of target doses of ACEi/ARB in univariable and multivariable analyses (Table 4 ). This association remained significant after propensity adjustment, i.e., higher doses of loop diuretics remained significantly associated with less uptitration both from baseline to 3 months (P = 0.021), and from baseline to 9 months (P = 0.013).
At baseline, patients in the highest quartile of loop diuretic dose at baseline were more likely to use MRAs and used higher doses (Table 3) . At 9 months, there were, however, no significant differences in (change in) percentage of target doses of MRAs (Tables 3, 5 ).
There was no significant interaction between loop diuretic dosage and site of enrolment on successful uptitration, nor between worsening/new-onset heart failure or in-/outpatients and loop diuretic dosage. Additionally, there was no significant association between loop diuretic doses and uptitration of beta-blockers after propensity adjustment (Supplementary  Tables 4 and 5 ).
Loop diuretic dosage and congestion
As higher doses of loop diuretics are most frequently driven by signs and symptoms of congestion, we assessed the impact of congestion on loop diuretic dosing and (successful) uptitration of ACEi/ARBs. Patients with a higher congestion score at baseline were more likely to receive higher doses of loop diuretics at baseline as well as at 9 months, and used a significantly lower percentage of target dose of ACEI/ARB at baseline and at subsequent time points (Supplementary Table 6 ). At 9 months, 846 (72.5%) patients were judged euvolemic based on the clinical congestion score of which 313 (37.0%) patients received uptitration of ACEi/ARB, and 305 (36.1%) patients were downtitrated in terms of loop diuretic dose. Of the 321 (27.5%) patients that displayed signs and symptoms of congestion at 9 months, 106 (33.0%) patients received uptitration of ACEi/ARB, and 94 (29.3%) patients were downtitrated in terms of loop diuretic dose.
To elucidate the association between loop diuretic dosing, congestion, and uptitration of ACEi/ARB, we divided patients based on a change in congestion score (decrease versus no change/increase) and the dose of loop diuretics at 9 months (Supplementary Table 7 ). Patients with a decrease in congestion score but persistent high doses of loop diuretics at 9 months were less likely to receive higher percentage of target doses of ACEi/ARB at 9 months (P = 0.034), and were less well uptitrated compared to patients with no change/increase in clinical congestion score and low/ medium doses of loop diuretics (Fig. 1) , underscoring the relation between high doses of loop diuretics and inability to uptitrate ACEi/ARB. Sensitivity analyses with a congestion score attributing greater value to oedema yielded similar findings. diuretics are shown in Fig. 2 , illustrating a higher risk with a higher loop diuretic dose (log rank, P < 0.001). These results remain significant after multivariable adjustment (Supplementary Table 8 ). In patients with a high dose of loop diuretics (> 80 mg furosemide or equivalent), treatment with > 50% of target dose of ACEi/ARB at 3 months was associated with a significantly lower risk of the combined endpoint ( Fig. 3 , log-rank P < 0.001, Supplementary 
Loop diuretic dosage and outcomes
Discussion
This study provides novel and clinically relevant information regarding the impact of loop diuretic dosage on uptitration of RAAS blockers in patients with heart failure and a reduced ejection fraction. First, in accordance with previous studies, higher doses of loop diuretics at baseline are associated with more severe heart failure, more congestion, worsening renal function, and worse outcomes. Second, there is a significant association between higher loop diuretic dosage and less successful uptitration of guideline recommended doses of ACEi/ARB, but not of MRA or beta-blockers. Third, our data suggest that the association between loop diuretics and uptitration of ACEi/ARB is only partly driven by factors influencing the prescription of higher doses of loop diuretics, as the association between uptitration of guideline recommended ACEi/ARB treatment and loop diuretic dosage remained significant even after propensity score adjustment. Fourth, in patients with an improvement in congestion yet persistent high doses of loop diuretics, uptitration of ACEi/ARB was poorer. These data collectively support the recommendation to dynamically adjust loop diuretic dose to facilitate uptitration of ACEi/ARBs. 
Loop diuretics and guideline recommended treatment with RAAS blockers
Loop diuretics are the first-choice therapy for signs and symptoms of congestion in patients with heart failure, and are used in the majority of heart failure patients [1, 5] . No studies have shown that diuretics decrease mortality risk and several studies have even suggested an association between higher doses of loop diuretics and a higher risk of death, worsening renal function, and symptoms such as hypotension [4, 6] . Higher doses of loop diuretics might also influence the ability to uptitrate doses of RAAS blockers, which we sought to investigate in this study. In clinical practice, not all patients are treated with the recommended doses of neurohormonal blockers. BIOSTAT-CHF was designed to investigate the effects of 3 months of encouraged uptitration of ACEi/ARB and beta-blocker doses on clinical outcomes. In addition, we aimed to study patient profiles associated with impaired uptitration to ultimately move forward to a more personalized treatment approach in treating heart failure patients [11] . By design, this study provided a good context to assess the effect of loop diuretic dosage on successful uptitration of guideline recommended treatment. It should, however, be noted that despite the encouraged uptitration, the number of patients receiving target doses at 3 months did not differ greatly from data from registries [9, 10] . In this study, we showed that patients with higher doses of loop diuretics showed signs of more severe heart failure and congestion. We also found a significant association between loop diuretic dosing and (percentage of) target dose of ACEi/ARB at 3 and 9 months. Interestingly, the association between higher doses of loop diuretics and smaller increases in ACEi/ARB doses over time remained significant after adjustment for the likelihood to be uptitrated, as well as after propensity score adjustment. The persistent significant association, even after propensity score adjustment, suggests that this association is independent of clinical characteristics leading to the prescription of higher doses of loop diuretics. These findings confirm our hypotheses that higher doses of loop diuretics hinder the uptitration of ACEI/ARB in these patients, and that the lower dose of ACEi/ARB attained in the high loop diuretic dose group may not merely be the reflection of sicker patients. Effects of higher loop diuretic doses on hypotension, worsening renal function, and electrolyte imbalances might influence the physician's decision in not uptitrating ACEi/ARB to guideline recommended doses. Interestingly, we did not observe a significant association between blood pressure and uptitration or downtitration of loop diuretics. Our data suggest that downtitration of loop diuretics to the lowest achievable dose (in euvolemic patients) as recommended by the heart failure guidelines could facilitate a better uptitration of ACEi/ARB. In contrast, we did not find an association between higher loop diuretic doses and uptitration of MRAs and beta-blockers. A possible explanation for the lack of association with MRA uptitration is that patients with higher doses of loop diuretics at baseline have more severe heart failure and as such more frequently already used MRAs. Furthermore, MRAs are often initiated at target dose; therefore, uptitration is not pursued in clinical practice. Finally, the lack of an association between loop diuretic doses and beta-blocker uptitration might be the result that triggers to limit uptitration of beta-blockers, such as a low heart rate, are not similarly influence by loop diuretic dose, as triggers to limit uptitration of ACEi/ARB (e.g., worsening of renal function and hypotension).
An additional important finding of the present study was that patients with a decrease in signs and symptoms of congestion but residual high doses of loop diuretics were less likely to receive uptitration with ACEi/ARB. Moreover, the doses these patients eventually attained were actually lower than doses observed in patients with persistent congestion, yet with lower doses of loop diuretics. The higher doses of loop diuretics in the group with an improvement of congestion could indicate a phenotype requiring higher doses to maintain euvolemia and as such more severe heart failure, precluding uptitration of neurohormonal blockers. Yet, it could also be hypothesized that these patients could not be uptitrated due to the high doses of loop diuretics, which may not have been necessary based on the congestion status of the patient. Unfortunately, due to the small groups of patients with this data available, further analysis was not able to shed more light on this. Nevertheless, based on our findings and the consensus from a recent position paper, we would advise attempting loop diuretic downtitration in patients without any residual signs and symptoms of congestion (i.e., euvolemic patients), to facilitate successful uptitration of neurohormonal blockers [20] .
Loop diuretics and outcome
Several studies have shown an association between higher doses of loop diuretics and poor outcome [4, 21] . Our study corroborates the previous findings of an association between higher loop diuretic dose and adverse clinical outcome. The finding that loop diuretic downtitration was not associated with improved outcome might be related to the fact that loop diuretic downtitration was particularly possible in patients treated at baseline with higher doses. This might indicate a selection bias towards a sicker patient population, precluding a detection of a beneficial effect of loop diuretic downtitration. Another explanation could be that physicians are generally very good in identifying patients in which diuretics can be downtitrated or even withheld, which is in line with previous findings by Martens et al. [7] .
We found a significant association between higher loop diuretic dosage and worsening renal function, which remained statistically significant after propensity adjustment, and was independent of baseline renal function. This detrimental effect of loop diuretics on worsening renal function is, perhaps, directly related to the pharmacology of loop diuretics, since renal blood flow is decreased by loop diuretics through the so-called tubuloglomerular feedback. 
Strengths and limitations
This is the first study to assess the effect of loop diuretic dosage on uptitration of doses of ACEi/ARB. Strengths of the study are the design of the BIOSTAT-CHF trial, making it a suitable cohort to assess this research question, as well as the number of patients enrolled in different European centres. Limitations are the retrospective, observational design, making it impossible to prove causality, and merely allows us to describe associations. Furthermore, propensity score adjustment is in our opinion the best approach to correct for treatment selection bias in prescribing higher doses of loop diuretic dosage; however, we cannot exclude residual confounding. Uptitration was encouraged, yet not forced and left to the discretion of the treating physician. Reasons for not uptitrating guideline-recommended therapies were carefully collected, yet unfortunately often specified as "other". Reasons for changes in doses of diuretics were not collected. Diuretic doses were relatively low at the start of the study and were only available at time of enrolment and at 9 months. Changes in the meantime, such as during the index hospitalization, were not captured. Signs and symptoms of congestion at 9 months were only available in 49.9% of patients alive at 9 months. Additionally, a limited number of echocardiographic parameters were available, which did not include right-ventricular function or specific assessments of valve dysfunction. Finally, even though uptitration was encouraged, the number of patients in BIOSTAT-CHF that achieved target doses of ACEi/ARB was limited [22] .
Conclusions
In patients with HFrEF, higher doses of loop diuretics are associated with poorer uptitration of ACEi/ARB and with a higher risk of death and/or heart failure hospitalization, independent of the lower likelihood of uptitration and higher baseline risk.
Compliance with ethical standards
Conflict of interest The University Medical Centre Groningen, which employs several authors, has received research grants and/or fees from AstraZeneca, Abbott, Bristol-Myers Squibb, Novartis, Roche, Trevena, and ThermoFisher GmbH. AAV received consultancy fees and/or research grants from: Amgen, AstraZeneca, Bayer, Boehringer Ingelheim, Cytokinetics, GSK, Novartis, Roche Diagnostics, Servier. CCL received consultancy fees and/or research grants from Amgen, Astra Zeneca, MSD, Novartis, and Servier. DJvV reports board membership fess/travel expenses from BioControl, Cardiorentis, Johnson & Johnson, Novartis, Vifor, and Zoll Medical. KDickstein has received honorario and/or research support from Medtronic, Boston Scientific St Jude, Biotronik and Sorin, and Merck, Novartis, Amgen, Boehringer Ingelheim, Astra Zeneca, Pfizer, Bayer, GSK, Rohce, Sanofi, Ab-bott, Otsuka, Leo, Servier, and Bristol Meyers Squibb. GF reports committee membership in trials and /or registries sponsored by Bayer, Novartis, BI, Medtronic, Vifor, Servier. MM has received consulting honorario from Amgen, Astro Zeneca, Novartis, Relypsa, and Serviers, and speaker's fees from Abbott Vascular and Servier. PM has received consultancy fees from Novartis, Vifor Pharma, Boehringer Ingelheim, and AstraZeneca, and an unrestricted research grant from Vifor Pharma. SDA reports grants from Vifor and Abbott Vascular, and fees for consultancy from Vifor, Bayer, Boehringer Ingelheim, Brahms, Janssen, Novartis, Servier, and Stealth Pepitdes. WM has received research grants from Novartis, Vifor, Medtronic, Biotronik, Abbott, and Boston Scientific. JMtM, JGC, FZ, HLH, LLN, NJS, KDamman, and PP have nothing to disclose.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article are included in the article's Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.
